The complete nucleotide sequences for four adenoviruses-Simian Adenoviruses 21, 22, 23, and 24, originally isolated from chimpanzees, were determined. The genome organization of the chimpanzee adenoviruses was found to be similar to that of other adenoviruses. The viral gene products of the adenoviruses Simian Adenoviruses 22, 23, and 24 are very closely related to those of the (previously sequenced) chimpanzee adenovirus Simian Adenovirus 25. Simian Adenovirus 21 is most similar to human subgroup B adenoviruses HAdV-3, HAdV-7, and HAdV-35. Analysis of the capsid proteins hexon and fiber of the chimpanzee adenoviruses also supports the placement of Simian Adenovirus 21 in subgroup B and Simian Adenoviruses 22, 23, and 24 in subgroup E.
Introduction
Adenoviruses of the genus Mastadenovirus comprise isolates from a diverse host range including human, simian, bovine, porcine, canine, equine, and murine sources (Davison et al., 2003b) . Human adenoviruses have been classified into subgroups A through F [now defined as species (Büchen-Osmond, 2003) ] based chiefly on their hemagglutination characteristics using rhesus and rat red blood cells (Hierholzer, 1973) . Specific serotypes are defined on the basis of hemagglutination inhibition and neutralization by antisera, with a serotype being defined as distinct if there is no or low cross-reaction (homologous to heterologous titer ratio of >16 in both directions) (Francki, 1991) . This classification method has stood up fairly well to scrutiny as partial and complete DNA sequences from different serotypes have become available and more rigorous analyses of relatedness have become possible. Neutralization and hemagglutination inhibition studies have delineated the relationship of the known chimpanzee adenovirus to the different human adenovirus subgroups (Wigand et al., 1989; Willimzik et al., 1981) .
We previously reported on the sequence (Farina et al., 2001 ) of one of four Simian adenoviruses (C68/SAdV-25, originally designated as Pan 9) (Basnight et al., 1971) , which had originally been isolated from a mesenteric lymph node of a chimpanzee. Here we report on the sequence analysis of the other three adenoviruses, SAdV-22, SAdV-23, and SAdV-24, originally designated Pan 5, Pan 6, and Pan 7, that had been isolated from chimpanzee lymph nodes in the same study (Rogers et al., 1967) , as well as the sequence of an unrelated chimpanzee adenovirus SAdV-21, previously designated as C1, that was among the first adenoviruses to be isolated (Rowe et al., 1956) . 36 535 base pairs, respectively. Sequence analysis of the chimpanzee adenoviruses SAdV-22, SAdV-23, and SAdV-24 revealed them to be very closely related to and have a genome structure similar to that described previously for SAdV-25 (Farina et al., 2001 ) and places them in subgroup E; SAdV-21 has previously been shown to be serologically related to the human subgroup B adenoviruses HAdV-14 and HAdV-16 (Hillis and Goodman, 1969; Hillis et al., 1968; Rowe et al., 1958; Wigand et al., 1989) . The identity of each of the adenoviral proteins was established by translation of open reading frames followed by homology alignment with published adenoviral protein sequences. By alignment of the nucleotide sequences with respect to probable transcription limit sites such as TATA boxes and polyadenylation sequences with those established for other adenovirus serotypes such as HAdV-2, it was also possible to assign likely early and late transcription region coordinates (Fig. 1) . As previously reported for SAdV-25, the amino acid homology was highest with proteins encoded by the human adenoviruses of serotypes 4 and 7.
Sequence analysis of chimpanzee adenovirus hexon proteins
The hexon protein accounts for 83% of the adenovirus capsid (van Oostrum and Burnett, 1985) and is known to be the principal antigenic component that results in protective immunity following natural infections (Kass-Eisler et al., 1996; Norrby, 1969; Wohlfart, 1988) . Although when originally isolated (Rogers et al., 1967) , no serological relationship between SAdV-22, SAdV-23, and SAdV-24 viruses with human adenovirus serotypes 1-31 was noted, restriction pattern similarities between SAdV-24 and SAdV-25 were seen (Li and Wadell, 1988) and the latter shown to be related to the subgroup E human HAdV-4 (Willimzik et al., 1981) . Subsequently, both SAdV-22 and SAdV-24 were found to be serologically related to human HAdV-4 (Wigand et al., 1989) . Sequencing of the SAdV-25 genome (Farina et al., 2001 ) has previously confirmed the similarity of SAdV-25 proteins such as hexon with that of HAdV-4 (Rux et al., 2003) . Sequencing of SAdV-22, SAdV-23, and SAdV-24 also revealed them to be closely related to SAdV-25 and to human HAdV-4. The chimpanzee adenovirus SAdV-21 has been known to have a serological relationship to the human subgroup B adenoviruses HAdV-14 (Hillis et al., 1968; Rowe et al., 1958) and HAdV-16 (Hillis and Goodman, 1969; Wigand et al., 1989) . In this context, it was of interest to determine the phylogenetic relationship of the chimpanzee adenoviruses SAdV-21, SAdV-22, SAdV-23 and SAdV-24 to the previously sequenced chimpanzee adenovirus SAdV-25 as well as hexons from human adenoviruses of different serotypes (Fig. 2) . It is clear that SAdV-22 and SAdV-24 are similar enough to one another as to . (b) The locations of most of the predicted protein coding regions of the chimpanzee adenoviruses are shown as gray bars. Proteins arising from putative RNA splicing (the E1a 13S and 12S products, IVa2, polymerase, pTP, and 33K) are shown as gapped bars. The inverted terminal repeats (ITR) and the locations of the VA RNA genes and the putative U exon are also indicated. 3. An alignment of the hexon sequences of the four chimpanzee adenoviruses SAdV-22, SAdV-23, SAdV-24, and SAdV-25 with those of human adenoviruses HAdV-4 and HAdV-16-the serotypes to which the chimpanzee adenoviruses bear the closest similarity (see Fig. 2 ) among published sequences, is shown (a). An alignment of the chimpanzee adenovirus SAdV-21 hexon with other subgroup B adenoviruses including HAdV-16 with which serological cross-reactivity has previously been noted (Hillis and Goodman, 1969; Hillis et al., 1968; Rowe et al., 1958; Wigand et al., 1989 ) is also shown (b). The HAdV-5 sequence for which a high resolution structure is available (Rux and Burnett, 2000) is shown in both alignments. The regions of the HAdV-5 sequence corresponding to the hypervariable regions (HVR 1 to HVR 7) as previously defined (Crawford-Miksza and Schnurr, 1996) are underlined. constitute strains within a single serotype; SAdV-25 also appears to be closely related. SAdV-23, however, may belong to a different serotype, albeit with close overall sequence similarities with the other chimpanzee adenoviruses SAdV-22, SAdV-24, and SAdV-25 as well as to human HAdV-4. Interestingly, the hexon of HAdV-16 maps close to the subgroup E chimpanzee adenoviruses although a serological similarity between the two has not been seen (Willimzik et al., 1981) .
Alignment of hexon sequences from different adenovirus serotypes has revealed that extensive homologies exist in those regions that constitute the core of the hexon (Rux et al., 2003) . The hypervariable regions are located in the outwardly disposed loops DE1, FG1, and FG2 and the serotype specificity of adenovirus capsids correlates well with variations in hexon sequences (Rux and Burnett, 2000) . An instance of this is shown in the alignment of the hexon region bearing the hypervariable domains from SAdV-22, SAdV-23, SAdV-24, and SAdV-25 ( Fig. 3a) , which indicates that SAdV-22, SAdV-24, and SAdV-25 have more sequence similarity among themselves in the hypervariable regions than they do with SAdV-23; each of the four chimpanzee adenoviruses bears about a 90% homology with the hexon of human HAdV-4.
The previously reported cross-reactivity between subgroup B adenoviruses and SAdV-21 is also corroborated in the hexon phylogenic tree, in which the SAdV-21 hexon is placed within the subgroup B cluster (Fig. 2) . A sub-division of subgroup B into B:1 and B:2 has been done on the basis of restriction analysis (Wadell, 1984) . Of the sequenced human subgroup B hexons, SAdV-21 bears the closest similarity to HAdV-34, a member of subgroup B:2. Additionally, on the basis of the proximity of the SAdV-21 hexon in the phylogeny tree (Fig. 2) to the other subgroup B:2 hexons HAdV-35, and HAdV-11, SAdV-21 can be proposed to belong to the B:2 subgroup. An alignment of the hexon region bearing the hypervariable domains of SAdV-21 with those of other subgroup B:2 adenoviruses HAdV-34, HAdV-35, HAdV-11, HAdV-16 as well as the B:1 subgroup serotypes HAdV-3 HAdV-7, and HAdV-21 is shown in Fig. 3b . Interestingly, the SAdV-21 hexon harbors an acidic stretch in the DE loop in the HVR 1 region with 13 glutamate and aspartate residues in the HVR1 region, a characteristic previously noted to be prominent in subgroup C adenoviruses.
Sequence analysis of the fiber proteins
The fiber protein of adenoviruses is a trimer composed of a tail embedded in the penton base protein, a shaft domain composed of an elongated triple beta spiral (van Raaij et al., 1999 ) and a knob domain that is responsible for binding to a cell surface receptor. The fiber shaft contains a repeated motif of up to 14 amino acids, the number of repeats varying between different adenovirus serotypes resulting in a variation in fiber length between fibers of different serotypes, ranging from 23 in HAdV-12, 22 in HAdV-5 to as low as 5 in HAdV-3. This variation in length has been postulated to cause differences in the transduction efficiency of gene therapy vectors harboring fiber shafts from different serotypes (Shayakhmetov and Lieber, 2000) . The fiber shaft domains of 222 , and 228 residues in length, respectively. Alignment with the repeat motifs as defined for HAdV-2 (van Raaij et al., 1999) reveals the presence of 13 repeats in the SAdV-22 and SAdV-24 fiber shafts and 12 repeats in the SAdV-23 fiber shaft. The shaft domain of the SAdV-21 fiber is only 96 residues long and of published sequences, is homologous to HAdV-3, which also has the same shaft length consisting of five motif repeats. The similarity of the SAdV-21 fiber to the HAdV-3 fiber sequence extends into the receptor binding knob domain, to which it is among the most similar of reported sequences (Fig. 4) . Interestingly, the SAdV-21 knob domain is 97% identical to the knob domain of HAdV-16. Moreover, the overall homology of the SAdV-21 fiber to HAdV-16 is about 90% excluding a 30-aminoacid segment present in the HAdV-16 shaft, corresponding to two motif repeats and a representing a longer shaft domain. The similarity of the SAdV-21 fiber sequence to that of HAdV-16 explains the previous observation that HAdV-16 and SAdV-21 cross-react in hemagglutination reactions (Hillis and Goodman, 1969; Wigand et al., 1989) .
The knob domains of SAdV-22, SAdV-23, SAdV-24, and SAdV-25 are most similar to HAdV-4. A phylogenetic tree showing the relationships of the knob domains of human and chimpanzee adenoviruses is shown in Fig. 4 .
Adenoviruses belonging to all subgroups other than subgroup B are known to use the Coxsackievirus-Adenovirus receptor (CAR) (Roelvink et al., 1998) . It is possible that SAdV-22, SAdV-23, and SAdV-24 can undergo CAR-mediated internalization and SAdV-21 may infect by a CARindependent mechanism. The alignments of the SAdV-21 fiber knob domain with the non-CAR binding HAdV-3 knob and that of SAdV-22, SAdV-23, and SAdV-24 with the CAR binding HAdV-5 knob domain, for which high resolution structures are available (Durmort et al., 2001; Xia et al., 1994) , are shown in Fig. 5 . Three of the four residues in the HAdV-5 fiber knob shown to contact CAR (Kirby et al., 2000) are conserved in the SAdV-22, SAdV-23, and SAdV-24 knobs (Fig. 5, lower panel) .
E1
A likely common splice acceptor site, analogous to that present in other adenovirus E1a genes, was found as well as the two splice donor locations that may give rise to the RNAs corresponding to the 13S and 12S RNAs of HAdV-2. Translation of the longest transcript results in a 256 (SAdV-22), a 258 (SAdV-23 and SAdV-24), or a 262 (SAdV-21) amino-acid product, respectively. These proteins are shorter than the subgroup C E1a proteins and lacks the caspase-3 susceptible domain reported to be present in the 13S product of subgroup C adenoviruses following the third conserved region CR3 (Avvakumov et al., 2002) . The E1a proteins of SAdV-22, SAdV-23, and SAdV-24 (that share over 95% sequence identity) are closest to HAdV-4, whereas the SAdV-21 E1a 13S product is most homologous to the subgroup B adenovirus HAdV-7. The E1b region of the three chimpanzee adenoviruses contains the two open reading frames that encode products homologous to adenovirus 19K and 55K proteins, respectively. Of the published adenovirus sequences, the SAdV-22, SAdV-23, and SAdV-24 are the most homologous to the E1b proteins of HAdV-4 and SAdV-21 to HAdV-7.
VA RNA
Adenovirus VA RNA genes encode short transcripts that have been shown to enhance translation of viral gene products by preventing the global inactivation of translation by the kinase PKR as can happen following infection. The VA RNA genes of SAdV-21, SAdV-22, SAdV-23, and SAdV-24 have previously been sequenced following PCR amplification and aligned with other adenoviral VA RNAs (Kidd et al., 1995) . It was noted that all four chimpanzee adenoviruses possess two VA RNA genes containing recognizable internal RNA polymerase III promoter elements. About 95% identity exists between the VA I RNAs of SAdV-21, SAdV-22, SAdV-23, and SAdV-24 as well as HAdV-4. The VA II RNA genes of SAdV-22, SAdV-23, and SAdV-24 are 100% identical to each other and about 90% identical to the HAdV-4 VA II RNA; however, the SAdV-21 VA II RNA is most similar to HAdV-16, a subgroup B adenovirus.
E2
The E2a message of adenoviruses, which directs the synthesis of DNA binding protein, DNA polymerase, and pre-terminal protein are transcribed from the l-strand. Thepromoter region of the chimpanzee adenoviruses is very similar to that present in HAdV-3 and all the consensus transcription site binding motifs mapped for HAdV-3 (Heysen et al., 1991) are present in SAdV-21, SAdV-22, Lys-138, Pro-139, Glu-140, Lys-155, and Leu-240 (Durmort et al., 2001; Xia et al., 1994) are denoted by asterisks. Lower panel-an alignment of the HAdV-5 fiber knob domain (CAR-binding) with the SAdV-22, SAdV-23, SAdV-24, and SAdV-25 fiber knob domains is shown. Four HAdV-5 residues shown to contact CAR Ser-408, Pro-409, Tyr-477, and Leu-485 (Kirby et al., 2000) are denoted by asterisks. . In common with the HAdV-3 E2a promoter, the chimpanzee adenoviruses E2A promoter region contains a single putative binding site for E2F as well as putative binding sites for SP1 and ATF transcription factors.
E3
The E3 region of SAdV-21 has the nine open reading frames that are typical of subgroup B adenoviruses; homology searches showed that they are the closest homologues of the E3 proteins of the subgroup B:1 adenoviruses HAdV-7 and HAdV-3. The only SAdV-21 E3 protein that is significantly different from its HAdV-3 counterpart (Signas et al., 1986) is the product of the sixth open reading frame, a transmembrane protein which has homology to the HAdV-2 E3 11.6 kDa protein that is proposed to mediate efficient cellular lysis (Wold et al., 1999) . The SAdV-21 product is 103 amino acids long compared to the 77-amino-acid product of HAdV-3, primarily due to a longer putative extra-cytoplasmic (luminal) domain.
As described for SAdV-25 (Davison et al., 2003a) , the E3 region of SAdV-22, SAdV-23, and SAdV-24 also each contain nine open reading frames all of which have homology to previously predicted E3 proteins of other adenoviruses. It is clear that seven of the nine proteins encoded (the first three and the last four) are most closely related to those of proteins encoded by the E3 region of the only known human adenovirus belonging to subgroup E, HAdV-4 (Wold et al., 1995) . In common with the E3 proteins of other adenoviruses of subgroups B1, B2, C, and E, the third open reading frame encodes a protein that can down-regulate MHC class I expression. The last three open reading frames of the chimpanzee adenovirus E3 regions code for proteins that are homologues of the subgroup C proteins with known anti-apoptosis functions (Wold et al., 1999) , RIDa, RIDh, and 14.7K. However the fourth and fifth open reading frames of the subgroup E chimpanzee adenoviruses SAdV-22, SAdV-23, SAdV-24 as well as SAdV-25 correspond to the cognate proteins of subgroup B1 and B2 adenoviruses (e.g. the HAdV-3 20.1K and 20.5K protein, respectively) that are thought to have arisen by gene duplication (Signas et al., 1986) . In contrast, HAdV-4 possesses only one iteration of this protein. An alignment of the products of the fourth and fifth open reading frames of SAdV-22, SAdV-23, and SAdV-24 as well as SAdV-21 with their homologues from HAdV-3 is shown in Fig. 6 . The proteins contain conserved domains of unknown function designated CR1 and CR2 (Deryckere and Burgert, 1996) . The CR1 domain has been found repeated 3 times on the subgroup D adenovirus E3 49K protein and has also been shown to be present on the glycoproteins of the human cytomegalovirus RL11 gene family (Davison et al., 2003a) . The HAdV-3 20.5K has a serine-rich region to the Nterminal side of a hydrophobic domain; in proteins, this region is threonine rich, with the SAdV-23 protein containing 14 threonines in a 23-amino-acid stretch (Fig. 6 ).
E4
The E4 regions of SAdV-22, SAdV-23, and SAdV-24 as well as SAdV-21 contain the five open reading frames that have been described for other adenoviruses (Fig. 1b) . A differentially spliced product, giving rise to the orf 6/7 homologue of subgroup C adenoviruses, was also identified (not shown). The translation products of the E4 open reading frames produce proteins that are most closely related to the subgroup B adenoviruses At least nine different serotypes of chimpanzee adenoviruses have been described as being related to different serotypes of human adenoviruses. Sequence analysis of the four adenoviruses described in this communication has corroborated the previous serological relationship of the chimpanzee adenoviruses as being related to human adenoviruses of different subgroups. Like the chimpanzee adenoviruses , the chimpanzee adenovirus isolate Y25 has also been found to be related to HAdV-4 (Wigand et al., 1989) . The chimpanzee adenovirus Y15 originally isolated from the stools of a chimpanzee with hepatitis (Hillis et al., 1968) has been found to cross-react with SAdV-21 and HAdV-14 and therefore also belong to human subgroup B (Wigand et al., 1989) . Furthermore, sequencing of the chimpanzee adenovirus genomes has shown that the chimpanzee adenovirus genes are clearly very closely related to the human adenovirus counterparts. In this context, the previous observation (Hillis and Goodman, 1969; Hillis et al., 1968; Rowe et al., 1958) as well as the observation by us that unlike adenoviruses isolated from monkeys, chimpanzee adenoviruses are able to replicate well in human cells is interesting. Whether the chimpanzee adenoviruses are species restricted or are capable of infecting human hosts in a natural setting is not obvious based on the sequence information. However, we have found only low-level cross-reacting antibody titers in the normal human and rhesus serum samples that we have tested, while the prevalence of antibodies to the subgroup E chimpanzee adenoviruses was quite high among captive chimpanzees (data not shown). This is similar to the original observation that three of nine chimpanzees (the colony from which the viruses were isolated) had antibodies to the adenoviruses but none of nine animal handlers developed antibodies (Basnight et al., 1971) .
Materials and methods

Virus stocks and propagation
Chimpanzee adenoviruses SAdV-21 (ATCC catalog number VR-20), SAdV-22 (ATCC catalog number VR-591), SAdV-23 (ATCC catalog numberVR-592), and SAdV-24 (ATCC catalog number VR-593) were purchased from the American Type Culture Collection. Virus stocks were obtained and propagated in 293 cells (ATCC CRL1573) cultured in Dulbecco's modified Eagle's medium (DMEM; Sigma, St. Louis, MO) supplemented with 10% fetal calf serum (Sigma or Hyclone, Logan, UT) and 1% Penicillin-Streptomycin (Sigma). Infection of 293 cells was carried out in DMEM supplemented with 2% fetal calf serum for the first 24 h, after which fetal calf serum was added to bring the final concentration to 10%. Infected cells were harvested when 100% of the cells exhibited virusinduced cytopathic effect, collected, and concentrated by centrifugation. Cell pellets were resuspended in 10 mM Tris (pH 8.0), and lysed by three cycles of freezing and thawing. Virus preparations were obtained following two ultra centrifugation steps on cesium chloride density gradients and stocks of virus were diluted to 1 Â 10 À12 particles/ml in 10 mM Tris/100 mM NaCl/50% glycerol and stored at À70jC.
Cloning and sequencing of viral genomic DNA SAdV-21 genomic DNA was isolated from the purified virus preparations and digested with a panel of restriction enzymes. Enzymes that cut the DNA 10-15 times were utilized for cloning of the viral DNA into pBluescript SK+ (Stratagene, La Jolla, CA). Manipulation of the genomic DNA to remove the covalently attached terminal protein was performed (Berkner and Sharp, 1983) . Taking advantage of the absence of PacI restriction sites, synthetic PacI linkers (New England Biolabs, Beverly, MA) were ligated onto the ends of the genomic DNA. Genomic DNA was digested with BamHI, PstI, SalI, or XbaI and the restriction fragments (all but the genomic terminal fragments) were cloned into pBluescript SK+. Fragments containing the left and right genomic termini were cloned into pNEB-193 (New England Biolabs) as PacI/BamHI or PacI/PstI fragments. The cloned restriction fragments were sequenced (Commonwealth Biotechnologies Incorporated, Richmond, VA) and the complete viral sequence was compiled by comparison to known adenoviral sequences. Complete sequencing of SAdV-22, SAdV-23, and SAdV-24 genomic DNAs was carried out by generating a whole genome shotgun library for each virus. Complete sequencing was achieved with 4-to 6-fold coverage (Qiagen Genomics Services, Bothell, WA).
DNA sequences
The Genbank accession numbers for the nucleotide sequences of the adenoviruses SAdV-21, SAdV-22, SAdV-23, and SAdV-24 are BK000412, AY530876, AY530877, and AY530878, respectively.
Sequence analysis
Hexon and fiber amino acid sequences were aligned with Clustal X v1.81 making use of the Gonnet protein weight matrix. Subsequently the alignments were checked and if necessary manually trimmed making use of BioEdit (Hall, 1999) . Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 2.1 (Kumar et al., 2001) . Phylogenies were inferred with the Neighbor-Joining algorithm. Distances between the amino acid sequences were computed by Poisson correction. The gaps in the sequence alignment were pairwise deleted. A statistical test for the phylogeny was computed by means of bootstrapping. Percentages of 1000 bootstrap replicates are indicated at the nodes.
